Temperature is a primary physical and biogeochemical variable in aquatic systems. Field-based measurement of temperature at discrete sampling points has revealed temperature variability in fluvial systems, but traditional techniques do not readily allow for synoptic sampling schemes that can address temperature-related questions with broad, yet detailed, coverage. We present results of thermal infrared imaging at different stream discharge (base flow and peak flood) conditions using a handheld IR camera. Remotely sensed temperatures compare well with those measured with a digital thermometer. The thermal images show that periphyton, wood, and sandbars induce significant thermal heterogeneity during low stages. Moreover, the images indicate temperature variability within the periphyton community and within the partially submerged bars. The thermal heterogeneity was diminished during flood inundation, when the areas of more slowly moving water to the side of the stream differed in their temperature. The results have consequences for thermally sensitive hydroecological processes and implications for models of those processes, especially those that assume an effective stream temperature. means of determining surface water temperature variations in lakes and reservoirs. Journal of Hydrology 173: 131-144. Arscott DB, Tockner K, Ward JV. 2001. Thermal heterogeneity along a braided floodplain river (Tagliamento River, northeastern Italy).
INTRODUCTION
Temperature is a primary variable that drives physical, ecological, and biogeochemical processes in aquatic systems and controls habitat diversity (Hynes, 1970; Ward, 1985; Poole and Berman, 2001) . The thermal regime of streams is complex in space and time, especially when several sources of thermal energy are present, such as groundwater flow (Webb and Zhang, 1999; Poole and Berman, 2001) . Nevertheless, most previous studies have relied on a few point measurements and assume this as a representative value used for interpretative purposes and in process-based and empirical-statistical ecological models (e.g. Morin et al., 1999; Karlsson et al., 2005; Kishi et al., 2005) . Distributed point measurements of temperature are easily acquired and are becoming less expensive (e.g. Johnson et al., 2005; Selker et al., 2006) , but improving point-sensor technology does not address the need for broad yet very high-resolution aerialcoverage studies to characterize spatial complexity in thermal regimes of surface water and their implications for ecological processes.
A useful method for synoptic sampling of temperature is through remote sensing, i.e. thermal IR imagery or thermography. Airborne thermography from helicopters has provided accurate estimates of stream-surface temperature with decimeter-scale resolution (e.g. Torgersen et al., 2001; Loheide and Gorelick, 2005) . Ground-based methods can potentially allow for increased resolution along with real-time imaging, and can therefore provide information that may be necessary for designing or adapting synchronous field experiments. For example, the technique allows for rapid assessment of hotspots during short-lived events, such as floods, providing critical information for sampling design and perhaps opportunistic research. Increased spatial resolution also allows for mapping temperature variability in zones commonly considered as homogeneous. We explore the potential advantages and pitfalls of ground-based thermography with a handheld camera and present preliminary observations. Our survey was conducted when other related experiments were being conducted at Maple Creek near Nickerson, Nebraska, USA in September 2006 to study biogeochemical and hydrologic in-stream processes. The duration of this study covered a rainfall event, which led to a substantial increase in stream depth and discharge ( Figure 1 ).
METHODS
Water temperature can be remotely detected by a sensor that receives thermal radiation emitted from surfaces of objects (Anderson and Wilson, 1984) . Emitted (and 981 absorbed) radiation is strongly dependent on the emissivity of the object: the ratio of emittance between an object and a black body at equal temperatures. For water surfaces, which have an emissivity of ¾0Ð95-0Ð97, this technique is sensitive to the temperature of the upper 0Ð1 mm of the water column (Anderson and Wilson, 1984) . Another factor important in thermal imagery is atmospheric absorption that can be taken into account when relative humidity, temperature, and the length of the atmospheric column (essentially the distance) between the detector and target object are all known. Atmospheric adsorption of radiation is pronounced when water vapour is high, and is negligible at low humidity and/or when measurement distances are short (Anderson et al., 1995) . Sensors for thermal imagery also detect reflected radiation from other sources ( Figure 1 in Torgersen et al. (2001) ). Handcock et al. (2006) has provided a thorough evaluation of measurement error and uncertainty associated with space-borne, airborne, and ground-based methods. Airborne-based thermal images that have at least 3 pixels of the stream resolved are within 1Ð2°C of ground measurements with temperature probes. The accuracy of remotely-sensed temperatures decreases when there is substantial sub-pixel variability in temperature. For example, Handcock et al. (2006) showed that the difference between probe and remotely-sensed temperature estimates can be as high as 7Ð6°C when the stream is only a fraction of a pixel and the detector mixes the signals from the banks with that from the river. In our case, we have tens if not hundreds of pixels covering the stream. Following Handcock et al. (2006) observations, our ground-based imaging on the scale of a few metres would be able to accurately resolve temperature variability with spatial scales in the order of ¾1 cm.
Thermal images were taken with a FLIR Systems P65 camera (North Billerica, MA, USA), with a spectral range of 7Ð5-13 µm, mounted on a tripod located at the bank of the stream, and later in the stream during peak discharge when the exposed bank became inundated. The lens used for thermal imaging has a 19°ð 14°field-of-view with a minimum focal length of 0Ð3 m, allowing for centimetreto-millimetre resolution. The IR camera includes a visual camera that can take concurrent optic images, but with relatively low resolution. Thermal images have 320 ð 420 pixels and optic images have 640 ð 480 pixels. The detected radiant temperature has an accuracy of š2% of the reading. Meteorological data were collected from the nearest station where the appropriate information is available. Air temperature was taken from a U. S. Geological Survey National Water Information System station (Maple Creek near Nickerson, Nebraska, ID 06 800 000) located a few 100 m downstream of the study reach, precipitation was taken from another USGS-NWIS station (Logan Creek near Uehling, Nebraska, ID 06 799 500) about 15 km north of the site, and relative humidity was taken from the Fremont Municipal Airport in Nebraska (data from National Climatic Data Center). Emissivity in all the images was assumed constant at 0Ð96. This may lead to errors where the emissivity of the objects in the field-of-view are far from that of water, but the main interest here is in the distribution of water temperature. Image processing was conducted using ThermaCAM Researcher Pro 2Ð8 software, also distributed by FLIR Systems (2004). Several images were collected between 9 and 12 September. We present images collected at two times on 9 September 2006 (Figure 2, see Figure 1 for timing), during base-flow conditions in Maple Creek, and at two other times on September 12, 2006 ( Figure 3 ), just after peak flood discharge. These images are off-vertical. Direct measurements of temperature were collected with a Beckman temperature probe (Model BK598115, Fullerton, CA, USA) with a resolution of 0Ð1°C and a relative accuracy of š1% of the reading. The manual measurement points are indicated by labelled crosses in Figures 2 and 3. Ground-truth points were located in the water, a periphyton community, and in a partially submerged sandbar. Direct temperature measurements were taken at shallowest possible depths, typically the upper 3 cm, within seconds to a few minutes after the thermal IR images were taken. Table I compares radiant temperatures detected by the camera versus the kinetic temperature measured with the thermometer. The absolute differences are less than or equal to 0Ð5°C in all cases, similar in magnitude to those reported in Torgersen et al. (2001) and Loheide and Gorelick (2005) . The pixels were matched to the measurement points based on visual observation; this could affect the comparisons especially within the periphyton. Figure 2) show a portion of the same area but from a closer and different perspective (although the downstream direction always remains to the left). The top image in Figure 2 looks more directly downstream while the bottom image is taken from beside the stream facing the exposed log (bright or warm zone) that is centrally located in the top image. Note that the temperature scales are different for the top and bottom images. Stream temperatures increased throughout the day due to incoming solar radiation, i.e. insolation and increasing air temperature. Figure 2 shows that water flowing through periphyton anchored on the streambed becomes significantly warmer than the fast-flowing portions of channel, resulting in pronounced thermal gradients within and around the algal mats. The temperature within the periphyton was quite patchy, especially later in the day. Temperature observed within the periphyton covers a range of ¾3°C. The patchiness is probably due to differences in thickness of the periphyton or local differences in the velocity of water flow through the mats or both. Unfortunately, neither of these potential causes for temperature differences, which may act in tandem, were directly measured. Differences in periphyton thickness were readily visible. Injection of rhodamine dye revealed that local velocities were much less in extensive algal mats compared to the main channel, consistent with observed exponential flow deceleration within periphyton assemblages (Dodds and Biggs, 2002) . Storage timescales of stream water in periphyton mats tend to be on the order of minutes to tens of minutes (Kim et al., 1990) . A similar storage time was observed for the rhodamine injection. Flow extinction within periphyton is proportional to mass density (Dodds and Biggs, 2002) . The variable thickness of the monitored periphyton therefore leads to a heterogeneous velocity field. However even if heat advection were minimal to absent, which is not the case here, heat conduction would also be different when some areas of the mat are thinner or thicker than others. Moreover, differences in thermal mass could, by itself, lead to differential heating even if the periphyton surface was exposed to the same solar radiation and the entire mat volume exposed to the same advective flux per unit volume. If transport of thermal energy away from the periphyton cannot balance continued or increasing input of thermal energy, such as insolation, the mat would warm up. Our observations are the result of all the processes above, with the differential transport and storage of heat ultimately resulting in the thermal heterogeneity. Note that the emissivity of the exposed periphyton may be different to that of water. This could lead to some of the observed thermal heterogeneity. However, we could not find information on the emissivity of periphyton in streams.
RESULTS AND DISCUSSION
Empirical data and ecological models show temperature sensitivity of periphyton productivity (e.g. Morin et al., 1999; Karlsson et al., 2005; Kishi et al., 2005) . . Thermal infrared (top) and corresponding visual images (immediately below the thermal image) taken on 9 September2006 during low-discharge stage. The partially exposed log is roughly a metre long. Timing of images indicated by dashed lines in Figure 1 . For reference, the same log is connected by a line in the visual images. Temperature measurements at A, B, and C are presented in Table I Ecological models of periphyton are either based on correlation with stream temperature or consider stream temperature as one of several key variables. Given the sensitivity of periphyton to temperature, our results suggest the need for more detailed studies on the role of coupled water flow and heat transfer in the development of periphyton communities. For example, Hill and Boston (1991) illustrated that vertical accumulation in old periphyton communities leads to photo inhibition of deeper portions of the periphyton, thereby affecting photosynthesis and growth. Others have investigated the combined effects of vertical heterogeneity in biomass and nutrients within the periphyton mat, in addition to variability in light irradiance (Asaeda and Son, 2001) . Some studies have also shown that periphyton metabolism is directly related to the surrounding water velocity under isothermal conditions (Hondzo and Wang, 2002) . Our thermal images suggest that temperature, which also controls metabolic processes and trophic transfer, also varies significantly within periphyton mats. A partially exposed sandbar showed similar internal variability in temperatures of up to ¾3°C and large thermal gradients (Figure 2) . The sandbar warmed up more than the periphyton, possibly due to less efficient export of heat and longer residence times for water advecting heat into and out of the sandbar. The warming of the exposed section of the sandbar will undoubtedly propagate into partially saturated sediments and finally to the saturated sediments below the water table that are part of the hyporheic zone. Past studies of propagation of periodic temperature signals (e.g. diurnal or seasonal) into river sediments are typically based on considering the stream water temperature as the top boundary (Anderson, 2005; Cardenas and Wilson, 2007) . Our observations suggest that the thermal regime of partially exposed sediments is more complex, with the banks of the sandbars in thermal equilibrium with the river water, while the tops are more sensitive to direct solar energy inputs. Note that the emissivity of sand according to Cuenca and Sobrino (2004) , 0Ð955, is close to that used in our analysis (0Ð96).
However, other factors not included in this analysis, such as soil mineralogy and organic matter content, may also affect the emissivity of sand (e.g. O'Neill and Jackson, 1990) , thereby changing the calculated radiant temperature. These were not considered.
Partially exposed logs in Figure 1 show significantly higher temperatures. The temperatures in the logs are actually higher than the range shown (up to as high as 29°C in some spots). The displayed range was truncated to best illustrate the variability within the channel itself. The emissivity of manufactured wood (0Ð80-0Ð92) is lower than that of water or water-saturated sediments (Childs, 2001; Rice, 2004) , but the emissivity for bark 0Ð93-0Ð97, http://www.icess.ucsb.edu/modis/EMIS/html/ em.html (MODIS Emissivity Library, 2007) is similar to the value used here. Using the lowest emissivity value changes the radiant temperature by less than 1°C. Logs therefore may contribute to thermal heterogeneity of fluvial corridors and may be an important factor in determining in-stream energy budgets.
Maple Creek's watershed received about 5 cm of rain over the course of less than 24 h (10 September 2006) leading to a significant increase in discharge (Figure 1) . Figure 3 shows thermal images taken close to the maximum discharge for this event. The vantage point for these images is similar to that in the bottom panel of Figure 2 . The images show a portion of the larger log, now mostly submerged, exposed downstream in Figure 2 (left panels in Figure 3) ; the large water ripple in the right panels in Figure 3 is due to the smaller upstream log in Figure 2 , now completely submerged. No periphyton or sandbars are visible, and postflood observations indicated that the periphyton was detached by the high-stream velocity and transported downstream. Periphyton beds and small sandbars do not contribute to thermal heterogeneity in the channel during higher stream discharge, although larger roughness features continue to be important. The log in Figure 3 is still associated with pronounced warming during the day, and on the far side of the stream a bank that projects into the flow during higher discharge appears to shelter an area of lower flow velocity and higher temperature at midday. The contrast in thermal heterogeneity between baseflow and flood conditions illustrates the strong coupling between discharge and thermal heterogeneity. Doyle et al. (2005) recently adapted the concept of effective discharge, the discharge corresponding to the prevailing geomorphologic imprint, to stream ecology. They calculated the discharge at which certain ecological variables will be significantly altered and showed that the greatest accumulation of periphyton is limited to a narrow discharge range. The increased discharge at Maple Creek clearly modified the thermal pattern in the stream by surpassing certain discharge thresholds, i.e. for periphyton removal as well as for sandbar erosion or submergence, but not for others, i.e. mobilization of the larger logs shown in Figure 2 .
Thermal heterogeneity may have a complicated relationship with discharge if several differing sources of thermal signals are present. Thermal heterogeneity in fluvial corridors is commonly tied to spatial variability in hydrological or meteorological forcing. Arscott et al. (2001) found that thermal heterogeneity within a braided river corridor was pronounced in the lowland floodplains and less so in the main channel. This behaviour was attributed to differences in hydrologic connections between channels, ponds, tributaries, and subsurface flowpaths. Uehlinger et al. (2003) illustrated how thermal heterogeneity within the floodplain of a glacial river was connected to meltwater discharge. The studied river illustrated pronounced thermal heterogeneity, with surface-connected channels cooling consistently due to incoming colder meltwater, and surface-disconnected channels warming up due to increasing insolation. Johnson (2004) discussed the effects of shading of the channel and the characteristics of the sediments lining the channel on stream temperatures. The different external (meteorological) and internal (mostly hydrological) drivers of in-stream temperature were recently reviewed by Poole and Berman (2001) . It is notable that the only biological mechanisms affecting in-stream temperature and heat budgets that were discussed are those related to riparian vegetation. Our thermal imagery, although preliminary in nature, resulted in rapid and detailed identification of the potential importance of biological as well as physical sources of thermal heterogeneity-periphyton, logs and partially exposed sandbars-that have not been considered in past studies.
COMMENTS AND RECOMMENDATIONS
Although thermal IR imagery has several advantages, there are limitations that need to be considered. We found that in certain instances, emitted radiation from personnel walking along the bank reflected off the water surface and appeared as originating from the channel dominating the signal received by the camera (results not shown). This was also observed earlier by Handcock et al. (2006) . Additionally, irregular incident angle resulting from the water surface roughness affects emissivity (Masuda et al., 1988) , but this effect has been quantified not to be very significant (Cuenca and Sobrino, 2004) . The combined effects of reflected radiation and emissivity variation are evident in Figure 3 where temperature patterns are clearly associated with the water surface ripples. Such effects are potentially interesting from the perspective of quantifying stream water surface roughness (Torgersen et al., 2001) but may cause problems in retrieving accurate remotely sensed temperatures. These problems may be minimized by near-vertical viewing; but then this would typically require airborne platforms, which remove the advantages of acquiring real-time high-resolution images, or establishing infrastructure above the stream if long-term monitoring is desired. Bridges may be useful platforms but they could potentially contribute to unwanted shading of the study sites. Turbidity also affects emissivity (Liu et al., 1987) . Maple Creek was clearly more turbid during the flood (Figure 3 ) but the effects of the differing turbidity levels were not determined. Lastly, it needs Figure 3 . Thermal infrared and visual images taken on 12 September 2006 during high-discharge stage. The partially exposed log is roughly a metre long. Images are not exactly on the same scale and are only approximately from the same vantage point. Timing of images indicated by dashed lines in Figure 1 . Temperature measurements at D and E are presented in Table I to be emphasized that thermal IR imagery is sensitive only to skin temperatures that may not be representative of water column temperatures when the water bodies are not vertically well-mixed. Aside from the difficulties discussed above and in previous sections of this paper, ground-based thermography of streams using a handheld camera offers realtime acquisition of high-quality temperature information and broad areal coverage. Further application of groundbased thermography will result in new data sets that are amenable for more quantitative spatial analysis. These data sets can provide answers to old research questions that have been difficult to address with traditional methods, and also open new avenues in studies of coupled hydrological, ecological, and biogeochemical processes.
